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We discuss the black hole information problem, including the recent claim that unitarity requires 
a horizon firewall, emphasizing the role of decoherence and macroscopic superpositions. We consider 
the formation and evaporation of a large black hole as a quantum amplitude, and note that during 
intermediate stages (e.g., after the Page time), the amplitude is a superposition of macroscopically 
distinct (and decohered) spacetimes, with the black hole itself in different positions on different 
branches. Small but semiclassical observers (who are themselves part of the quantum amplitude) 
that fall into the hole on one branch will miss it entirely on other branches and instead reach 
future infinity. This observation can reconcile the subjective experience of an infalling observer with 
unitarity. We also discuss implications for the nice slice formulation of the information problem, 
and to complementarity. 



A recent paper by Almheiri, Marolf, Polchinski and 
Sully (AMPS) [U (see also 0) has stimulated new inter- 
est in the black hole information problem. AMPS study 
the entanglements of radiation, near-horizon modes and 
an infalling observer, concluding that unitarity of the 
evaporation process requires that the spacetime near the 
horizon deviates strongly from the vacuum state (exhibits 
a firewall), in violation of the equivalence principle. In 
this note we emphasize the importance to this discussion 
of decoherence and superpositions of macroscopically dif- 
ferent states. We believe such considerations resolve the 
paradox proposed by AMPS and allow for unitarity with- 
out requiring firewalls. Further, these considerations may 
reveal the mechanism for unitarity itself. For related dis- 
cussions, see [SHS]. 

Consider quantum excitations, including gravitons, on 
a flat spacetime background. Assume that the initial 
quantum state at past infinity is a semiclassical con- 
figuration of matter or radiation (e.g., a dustball, or some 
energetic photons) which will evolve into a large black 
hole B through gravitational collapse. ^ may also de- 
scribe some additional degrees of freedom ("observers") 
whose trajectories carry them into the vicinity of B after 
it has formed. We assume B undergoes complete Hawk- 
ing evaporation, so the final state at future infin- 
ity describes outgoing radiation plus any observers that 
do not cross the horizon into the hole. The information 
problem in this scenario is equivalent to whether ^'^ and 
are related by a unitary transformation. The puz- 
zle is motivated by the fact that the Hawking radiation 
originates in a region which is (at least semiclassically) 
causally disconnected from objects which are behind the 
horizon. How does the quantum information associated 
with these objects reach future infinity? 

Let us examine the time evolution of in detail. It 
is well known [7] that the evaporation of B in the usual 
semiclassical approximation eventually leads to signifi- 
cant uncertainty in both its position and momentum. 
When a fraction / of the total rest mass has evaporated, 
the uncertainty in position is Ax ^ f^^'^M^. At the Page 



time ipage ~ M^, Ax ~ M^, which is much larger than 
the size of B. This is not surprising, as even partial evap- 
oration of a black hole converts a nontrivial fraction of 
its rest mass into a large number of uncorrelated radia- 
tion quanta, each producing recoil impulses on B due to 
conservation of momentum. 

All of the possible sequences of radiation impulses are 
described by (contained in) the Schrodinger evolution of 
^I'. If two different radiation sequences cause the position 
of B to differ macroscopically, those two branches of the 
wave function decohere from each other: the position of 
the black hole is entangled with ("measured by") envi- 
ronmental degrees of freedom, such as gravitons. Two 
decohered branches will subsequently have very small in- 
fluence on each other, but nevertheless remain part of the 
global wave function ^ |B]. 

Thus, at intermediate times (e.g., t > tpagc): ^ must 
be a superposition of decohered branches, each describ- 
ing a macroscopically different situation: B in different 
locations, and with different velocities (see figure). Now 
consider a semiclassical observer Alice, small in size rela- 
tive to B, with a well-defined trajectory that passes close 
to B. As we stressed above, Alice is present in the ini- 
tial state '^i, and all of her possible outcomes (including 
those resulting from "choices" she makes about, e.g., how 
to fire her rockets [9]) are described by the unitary evolu- 
tion of (see [To] for a discussion of determinism and free 
will in unitary quantum mechanics). Does Alice fall into 
the black hole? Even if on some branches her (semiclassi- 
cal) trajectory intersects B, there are many branches on 
which it does not. Alice is by assumption much smaller 
than B, and the uncertainty in the position of B after the 
Page time is of order its Schwarzschild radius squared: 
Aa; ^ R^. Even if Alice's trajectory intersects B on one 
branch, it does not intersect most of the Aa;'^ ^ vol- 
ume where B is likely to be found on other branches. 

Therefore, the final state ^/ contains branches in 
which Alice reaches future infinity, as well as ones on 
which Alice has fallen into the black hole and her mass 
has been converted into Hawking radiation. As we dis- 
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FIG. 1: Schrodinger evolution of initial state '^i, which de- 
scribes a black hole progenitor and Alice. At intermediate 
times {t > tpagc) ^ has {unavoidably - due to radiation recoil) 
decohered into two branches with the black hole in different 
locations. On one of these branches Alice falls into the hole, 
which subsequently evaporates. On the other branch Alice 
does not fall into the hole and consequently is still present in 

CUSS below, this is also plausibly true for observers that 
fall into the hole before the Page time (i.e., before the 
uncertainty in the location of B is macroscopic), and 
even for the progenitor particles that formed B at early 
times. A macroscopic uncertainty in the black hole posi- 
tion and velocity, corresponding to decoherent branches 
of ^E*, makes it rather obvious that ^ / contains versions of 
Alice which never fell into B. But the conclusion applies 
as well to any information-carrying degrees of freedom 
which have some probability (even exponentially small) 
of escaping or not falling into B. 

Now consider the firewall question. A particular semi- 
classical instantiation of Alice - one with memory records 
of a particular location for B and its associated space- 
time - cannot detect the other decohered Alices without 
resources which are exponential in the black hole entropy 
[5]. Consequently, Alice cannot measure the global state 
of the Hawking radiation: it is spread over all of the 
decohered branches (this is also emphasized by Harlow 
and Hayden [S] from the perspective of quantum com- 
putation). Thus it is plausible that the AMPS paradox 
is not realized. To proceed further, adopt momentarily 
the following notation: B = near-horizon modes of an 
old black hole, R — early Hawking radiation and A — 
interior modes of the black hole. The AMPS observation 
is that (1) the equivalence principle, applied to Alice as 
she falls through the horizon, requires nearly maximal 
BA entanglement (Alice sees the Minkowski vacuum at 
the horizon) and (2) nearly maximal BR entanglement is 
required by unitarity. These two requirements are con- 
tradictory, leading to a firewall (deviation from vacuum 
state at the horizon) if we keep (2) and drop (1). How- 
ever, the problem with the argument is that the B of (1) 
and (2) are different. The B of (1) which is observed 
by a particular semiclassical instantiation of Alice refers 



specifically to the near horizon modes on her branch. The 
B and R of (2) are spread across many macroscopically 
different spacetimes (branches), so the basic formulation 
of the firewall paradox is problematic. 

What about a particle that enters the black hole B 
at early times (e.g., before the Page time) or a pro- 
genitor particle from which the black hole is formed? 
Are there also branches of on which this particle 
reaches future infinity? Page [7] suggested two plausi- 
ble mechanisms which could make this possible. The 
first involves ordinary quantum mechanics: to localize 
the wave function of a particle completely within a fi- 
nite spatial region requires infinite momentum compo- 
nents (this is a simple consequence of Fourier analysis). 
Thus it is plausible that even the individual progenitor 
particles have small amplitudes to be found outside the 
black hole; heuristically, they tunnel out the hole as it 
is formed. A second possibility is that small violations 
of semiclassical causality, or locality, may be intrinsic to 
quantum gravity. For example, there may be amplitudes 
of size exp(— i?^) ^ exp(— 5*3) for a particle to escape a 
black hole of radius R. These mechanisms could lead to 
branches of 4*/, albeit of exponentially small amplitude, 
containing in aggregate all of the quantum information 
which, on the largest amplitude branches of the wave 
function, fell into B. The existence of such branches was 
discussed in [3] and the possibility that they might unita- 
rize (purify) the Hawking radiation state was discussed 
in Although the amplitudes in question are small, 
the correspondingly large dimensionality (expS's) of the 
radiation Hilbert space provides a compensating factor. 
Note that a pure radiation state measured by an observer 
with limited experimental precision would appear to be 
a thermal mixed state [3]. 

Plausibly, there is enough information in to recon- 
struct the initial quantum state: the evolution — > 5'/ 
could be unitary, even if a black hole is formed at interme- 
diate times. Heuristically, the time-reversed Schrodinger 
evolution of 5*/ results in because many (~ expS's) 
branches of each containing partial aspects of the 
quantum information that fell into B, interfere perfectly 
to produce the original initial state. 

Perhaps the clearest formulation of the information 
problem utilizes the so-called nice slice (a spacelike slice 
intersecting both infalling matter and outgoing radiation) 
and the quantum no cloning theorem ^2j. One concludes 
that the quantum information associated with an object 
behind the horizon cannot also be found in the outgo- 
ing radiation. However, by formulating the problem in 
terms of the Schrodinger evolution of as we have, the 
gap in the nice slice argument is revealed: a nice slice 
is defined on a particular semiclassical spacetime, but 
the evolution of ^I' inevitably generates a superposition 
of different spacetimes, with the black hole in different 
locations. The Penrose diagram on which the nice slice 
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is drawn cannot also describe the other branches of on 
which the object depicted as behind the horizon (the one 
whose quantum state cannot be cloned in the outgoing 
radiation) has instead avoided entering the hole and is 
itself part of the outgoing matter. 

An old question: How do we reconcile Alice's subjec- 
tive experience (in particular, preserving the equivalence 
principle or "no drama") with unitarity? The answer 
is that the branch on which Alice experiences falling 
through the horizon does not, by itself, constitute a uni- 
tary evolution of Rather, it is Vt/, the superposition 
of all branches, including ones in which Alice does not fall 
into the hole, that represents the unitary evolution of 4'^. 
There is no contradiction between a particular subjective 
experience (e.g., on a specific spacetime to which the nice 
slice argument applies, obeying the equivalence principle) 
and overall unitarity. 

Where is complementarity? It can be elucidated by 
comparing the perspective of a particular Alice who falls 
into the hole with that of a super-observer whose observa- 
tions can overcome decoherence. (This generally requires 
either exponential experimental sensitivity or the abil- 
ity to make non-local measurements "all at once" OE].) 
There is no requirement that the subjective experience of 
a particular Alice be consistent with the measurements 
of a super-observer who is aware of all of the Alices and, 
hence, can verify unitarity. Despite the central role of 
gravity in black hole physics, the complementarity that 
emerges here is related to the original one proposed by 
Bohr in the context of quantum measurement: the wave 
or particle nature of a photon is determined by the spe- 
cific measurement process used to probe it. The appar- 
ent fate of black hole information depends on whether 
the observer can detect the entire global state or merely 
a particular branch of 4*. The super-observer cannot fall 
into the black hole, and Alice cannot determine the global 
state 

In ordinary quantum mechanics, a super-observer can 
verify that wave functions evolve unitarily (rather than 
collapse) , whereas to an observer of limited measuring ca- 
pability pure states appear to evolve into mixtures 
Similarly, a super-observer of black hole formation and 
evaporation could verify that ^' evolves unitarily. To an 
observer of limited measuring capability (e.g., Alice) in- 
formation seems to be lost behind the horizon, and black 
holes appear to cause pure states to evolve into mixtures. 
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to appear to evolve into mixed states. But this is just 
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